Pasteurella multocida toxin is a potent mitogen that is believed to act intracellularly. On transverse urea gradient gels at pH 8.0 the toxin displayed one major unfolding transition at 4 M urea. However, at pH 6.1 the unfolding transition took place at 3.5 M urea. Circular dichroism spectra also indicated that a structural change took place at acidic pH. In addition it was found that the toxin that had been denatured in 8 M urea refolded in solution with a high recovery of biological activity. These findings are discussed in terms of the likely domain structure of the P. multocida toxin. ß
Introduction
The Pasteurella multocida toxin (PMT) is a highly potent mitogen for many cell types [1] . It activates phosphoinositol phospholipase C (PI-PLC), leading to Ca 2 mobilisation. There is strong evidence that PMT activates the L-form of PI-PLC by facilitating the coupling of a G-protein (G q ) to PI-PLC [2, 3] . PMT also induces tyrosine phosphorylation of p125 FAK and paxillin, and actin rearrangements [4] , implicating a role for small G-proteins in its action.
The intracellular signalling events induced by PMT occur several hours after PMT treatment [1] . This contrasts with membrane-acting e¡ectors, such as growth factors, that act within seconds. Antibodies only block PMT activity when added early but not late to PMT-treated cells and similarly weak bases added early to cells block the action of PMT. Together these features suggest that PMT is taken up to act intracellularly. The e¡ect of weak bases additionally suggests that PMT might be subject to low pH processing and we have previously shown that PMT becomes more susceptible to protease action at low pH [5] .
Such properties are typical of intracellular toxins that classically have an AB structure where the A 0378-1097 / 99 / $20.00 ß 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 9 9 ) 0 0 4 5 6 -5 domain is catalytically active and the B domain mediates cell binding and translocation of the A domain across the membrane. Translocation domains often show a pH-sensitive transition to a molten globule state that is essential for membrane insertion [6] . In addition the catalytic domains of several toxins undergo substantial unfolding for translocation across the membrane, followed by refolding in the cytosol of the target cell [7] . We have looked for similar features in PMT.
Materials and methods

Materials
All chemicals (Analytical grade) or enzymes (sequencing grade) were obtained from Sigma, unless otherwise stated.
Electrophoresis
Samples were analysed on discontinuous 10% SDS-PAGE using the mini Protean system (BioRad, USA) using standard methods. Transverse urea gradient gels were set up as described [8] , except that an 8% continuous acrylamide concentration was used throughout the gel, stacking gels were not used and the electrophoresis bu¡er consisted of 50 mM Tris-acetate, pH 8.0. After electrophoresis the gels were silver stained [9] .
Cell assay of PMT activity
Measurement of DNA synthesis was performed by the incorporation of [ 3 H]thymidine into Swiss 3T3 cells as described [1] . The results are given as a percentage of the maximal level of DNA synthesis induced by 10% (v/v) foetal calf serum, which is taken as 100%.
Puri¢cation of recombinant PMT (rPMT)
Puri¢cation of rPMT was as described [10] .
Proteolysis of PMT
Digestion of PMT was as described [5] . Brie£y, Glu-C and PMT at a 1:1 molar ratio were mixed and incubated at 37³C in 50 mM sodium phosphate, pH 8.0 for 15 min. The reaction was stopped by the addition of trichloroacetic acid (7%, w/v), ¢nal concentration) before the addition of SDS-PAGE sample bu¡er. The pH was brought back to neutrality by the addition of 2 M Tris and the sample was loaded on a gel without boiling. The bu¡er used for the low pH digestions was 50 mM ammonium acetate titrated with acetic acid until the desired pH was reached (pH 8.0 was obtained by adding 1 M sodium hydroxide to ammonium acetate).
Unfolding and refolding of PMT
PMT (60 Wg ml 31 ) was incubated in 50 mM sodium phosphate, pH 8.0, containing 8 M urea and 0.1 M DTT for 60 min at room temperature; a control sample was similarly incubated in 50 mM sodium phosphate, pH 8.0 containing 0.1 M DTT.
Some samples of denatured PMT, and control, were diluted 10-fold with 50 mM sodium phosphate, pH 8.0 (0.8 M urea and 10 mM DTT, ¢nal concentrations) and incubated for 1 h at room temperature (22³C).
Circular dichroism
PMT was used at a concentration of 1 mg ml 31 in 25 mM sodium phosphate bu¡er, pH 7.4, except for pH 5.0, where 25 mM ammonium acetate was used. Far ultra violet circular dichroism spectra (180^240 C Fig. 1 . Transverse urea gradient gel electrophoresis. All gels had a gradient of 0^8 M urea from left to right and were prepared at pH 8.0 unless stated otherwise. After electrophoresis and staining, photographs of the gels were scanned into a PC and the backgrounds adjusted to uniformity. A: PMT (60 Wg) was incubated for 1 h at room temperature in 50 mM Tris-acetate, pH 8.0 before loading onto the gel. B: PMT (40 Wg) was incubated for 1 h at room temperature in 50 mM Tris-acetate pH 8.0, containing 0.1 M DTT, before loading onto the gel. C : PMT (40 Wg) was incubated for 1 h at room temperature in 50 mM Trisacetate pH 6.1 before loading onto the gel which had been prepared at pH 6.1. D: PMT (40 Wg) was incubated for 1 h at room temperature in 50 mM Tris-acetate pH 4.0 before loading onto the gel which had been prepared at pH 4.0. E : PMT (40 Wg) in 50 mM Tris-acetate, pH 8.0 containing 8 M urea and 0.1 M DTT was incubated for 1 h at room temperature before loading on the gel. nm) were measured using a Jobin Yvon spectropolarimeter and data recorded on-line using an IBM personal computer. Spectra were recorded at 22³C and represent the average of three scans, at 15 nm min 31 , using silica quartz detachable 0.1 mm pathlength spectrophotometer cells. The spectra were expressed in terms of molar elipticity and secondary structures were estimated using the CONTIN programme [11] .
Results
PMT displays only one unfolding transition on urea gradient gels
Transverse urea gradient gel electrophoresis indicated that PMT unfolded at approximately 4 M urea at pH 8.0 (Fig. 1A) , with a single transition region. This was con¢rmed by proteolytic studies, which showed that the toxin was completely fragmented at urea concentrations of 4 M or greater (Fig. 2) . The appearance of multiple banding after the transition region during transverse urea gradient gel electrophoresis was due to disul¢de interchange, as these bands disappeared when the toxin sample was treated with DTT before loading onto the gel (Fig.  1B) . At pH 6.1 PMT unfolded at approximately 3.5 M urea (Fig. 1C) , whereas at pH 4.0 the toxin was completely unfolded, as shown by its reduced mobility on urea gradient gels (Fig. 1D) .
PMT refolds from 8 M urea to regain biological activity
PMT that had been chemically denatured in 8 M urea for 1 h showed evidence of renaturation during electrophoresis in urea gradient gels (Fig. 1E) , producing a similar pattern to that observed with reduced PMT (Fig. 1B) , but with the transition point occurring at a slightly lower urea concentration. Treatment of denatured and reduced toxin with iodoacetamide, which blocks accessible sulfhydryl groups, prevented renaturation (data not shown). Renaturation was also observed in solution following a 10-fold dilution of the urea concentration, after which a substantial degree of protease resistance could be regained (data not shown). Analysis of the mitogenic potential of refolded PMT revealed that untreated and refolded PMT induced half maximal responses at 0.3 ng ml 31 and 0.35 ng ml 31 , respectively (Fig. 3) , indicating that approximately 86% of the original mitogenic activity could be regained.
Circular dichroism spectra show a shift at low pH
The circular dichroism spectrum of native PMT at pH 7.4 showed two distinct minima, at 208 and 220 nm, and a large positive peak at 192 nm (Fig. 4) . Analysis of the spectrum, using the CONTIN programme, estimated that PMT consisted of approximately 58% K-helix and 42% ordered structure, which was neither fully L-sheet nor coil structure. There was a shift in the CD spectra at pH 5.0, which gave a 5% reduction in ordered structure but a substantial amount of secondary structure was retained in the toxin when compared to native PMT (Fig. 4) .
Discussion
We have shown here that PMT unfolds in transverse urea gradient gels with a single unfolding transition at approximately 4 M urea. The protease sensitivity of PMT in 4 M urea indicated that a substantial conformational change had taken place. Although PMT is likely to have a multiple domain architecture, the unfolding of individual domains was not observed on urea gradient gels. Many multiple domain proteins are known to unfold co-operatively to reveal a single unfolding transition [12] . At pH 6.1, the transition point occurred at approximately 3.5 M urea, indicating that low pH induced a destabilising conformational change in the toxin that made it more sensitive to urea. At pH 4.0, PMT did not show an unfolding transition nor did it enter the gel matrix, which either indicates that the toxin was fully unfolded at this pH or that the change was due to a charge e¡ect. The CD spectra Fig. 3 . Dose response curve for the stimulation of DNA synthesis by refolded PMT. PMT (60 Wg ml 31 ) was unfolded in 50 mM sodium phosphate pH 8.0, containing 8 M urea and 0.1 M DTT for 1 h at 22³C. The unfolded toxin was refolded by diluting 10-fold with 50 mM sodium phosphate, pH 8.0 and incubated for 1 h at 22³C. The refolded sample was assayed for biological activity using Swiss 3T3 cells. Each point is the mean of two determinations and is expressed as a relative percentage of the incorporation of [ 3 H]thymidine given by 10% foetal calf serum (502 000 cpm). of PMT also showed a pH-dependent transition, supporting the view that a structural change takes place at acidic pH. In diphtheria toxin a similar conformational change is linked to protonation of speci¢c acidic residues in the transmembrane helical domain which renders it more hydrophobic and able to insert into membranes [13] . The PMT sequence has an N-terminal region predicted to be hydrophobic and helical (R. Sowdhamini, P.N. Ward and A.J. Lax, unpublished observations) that might ful¢l such a function. This region shows signi¢cant homology to an N-terminal region in the cytotoxic necrotising factors (CNF toxins) found in some strains of Escherichia coli [14] . The mode of action of CNF and PMT is clearly di¡erent [15] , so it is unlikely that the homologous region will code for catalytic function. Indeed the N-terminus of CNF has been shown to encode binding and uptake functions [16] and the homologous region is likely to function as a transmembrane domain in both toxins. The catalytic domain is thought to be encoded in the C-terminus of both CNF [16] and PMT [17] .
Reduction of the urea concentration from 8 M to 0.8 M allowed PMT to refold in solution with a substantial recovery of biological activity and also during electrophoresis. Comparison of the transverse urea gradient patterns obtained in the presence of DTT show that the refolding transition takes place at a slightly lower urea concentration than the transition when native PMT is applied to the gel. This, and the absence of detectable intermediates in the pattern suggest that unfolding/refolding is slow at the transition point [8] and is further proof that PMT treated with 8 M urea in solution is unfolded. Iodoacetamide treatment may block refolding by preventing the formation of disul¢de bridges that are necessary to aid the refolding process, or may simply cause steric hindrance. Although disul¢de bridge formation is not required for PMT formation when expressed from bacteria [17] disul¢de bridge formation may be required for refolding. The catalytic domains of many intracellularly acting toxins, for example diphtheria toxin [18] and botulinum neurotoxin A [19] partially unfold at reduced pH before translocation to the cytosol takes place. The results presented here support the view that PMT follows a similar route to reach its cytosolic target.
